When the Akebono (EXOS-D) satellite passed through the plasmasphere, a series of lightning whistlers was observed by its analog wideband receiver (WBA). Recently, we developed an intelligent algorithm to detect lightning whistlers from WBA data. In this study, we analyzed two typical events representing the clear dispersion characteristics of lightning whistlers along the trajectory of Akebono. The event on March 20, 1991 was observed at latitudes ranging from 47.83 • (47,83 • N) to −11.09 • (11.09 • S) and altitudes between ∼2232 and ∼7537 km. The other event on July 12, 1989 was observed at latitudes from 34.94 • (34.94 • N) and −41.89 • (41.89 • S) and altitudes ∼1420-∼7911 km. These events show systematic trends; hence, we can easily determine whether the wave packets of lightning whistlers originated from lightning strikes in the northern or the southern hemispheres. Finally, we approximated the path lengths of these lightning whistlers from the source to the observation points along the Akebono trajectory. In the calculations, we assumed the dipole model as a geomagnetic field and two types of simple electron density profiles in which the electron density is inversely proportional to the cube of the geocentric distance. By scrutinizing the dipole model we propose some models of dispersion characteristic that proportional to the electron density. It was demonstrated that the dispersion D theoretically agrees with observed dispersion trend. While our current estimation is simple, it shows that the difference between our estimation and observation data is mainly due to the electron density profile. Furthermore, the dispersion analysis of lightning whistlers is a useful technique for reconstructing the electron density profile in the Earth's plasmasphere.
Introduction
Akebono (EXOS-D) is a Japanese scientific spacecraft that has been observing the Earth's plasmasphere since 1989. A wide band analyzer (WBA) is a subsystem of the VLF instruments onboard Akebono, and it measures one component of the electric or magnetic waveform below 15 kHz [1] . The measured data is sent to the ground using analog telemetry. While orbiting the Earth, the WBA detected large amounts of analog waveforms [2] , and one of the most frequently observed wave signals was "lightning whistlers," which are characterized by their dispersed spectra. Lightning whistlers were discovered in the 19th century as elecManuscript received April 3, 2012 . Manuscript revised July 12, 2012 . † The author is with the Graduate School of Natural Science and Technology, Kanazawa University, Kanazawa-shi, 920-1192 Japan.
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a) E-mail: kasahara@is.t.kanazawa-u.ac.jp DOI: 10.1587/transcom.E95.B.3472 tromagnetic waves that originate from lightning strikes and propagate through the Earth's plasmasphere at audio frequencies [3] - [5] . In the plasmasphere, a lightning strike is converted into a whistling tone; therefore, this type of wave is called a "whistler mode wave" [3] . It is well known that whistler mode waves tend to propagate along magnetic field lines from the southern to the northern hemisphere, or vice-versa [5] , [6] , and the propagation velocity of whistler mode waves becomes slower in the lower frequency range. A lightning whistler is originally an impulse signal, but the spectrum is characterized by a discrete tone that decreases in frequency with time. This is caused by the velocity difference between higher and lower frequency components as the whistler propagates through the plasmasphere [7] , [8] . The dispersive spectrum property (decrease in frequency with time) is generally defined as "dispersion," which is an important indicator of the length of the propagation path and the plasma environment along the propagation path.
In the satellite era, lightning whistlers are commonly observed from spacecraft because they can be more frequently observed from space than from the ground [3] , [9] . Such lightning whistlers are categorized as nonducted whistlers, and their energy can propagate thousands of kilometers from the source of the lightning strike in the plasmasphere [9] , [10] . Akebono has operated successfully for more than 23 years since its launch, and enormous wealth of waveform data, including that of lightning whistlers, has been captured by the WBA. This paper analyzes the "dispersion" of lightning whistlers along the trajectories of Akebono. In particular, we focus on the dispersion trend along trajectories that provide useful information about the source of lightning whistlers and the plasma environment, such as the electron density along the propagation path. It is well known that the global plasma density in the Earth's plasmasphere drastically varies with local time, season and solar activity. However, it is difficult to measure the global density profile directly because spacecraft observations can only provide in situ electron density along the trajectory and multisatellites are necessary in order to cover over large region [11] . On the other hand, Goto et al. [12] proposed an intelligent method to derive global electron density using propagation characteristics of Omega signals. Unfortunately transmission of Omega signal was already terminated, but if we could apply the same method to the propagation characteristics of lightning whistlers instead of Omega, it will be more cheap and effective tool for its investigation. Therefore, we
Copyright c 2012 The Institute of Electronics, Information and Communication Engineers study trends of "dispersion" which reflect the propagation characteristics of the lightning whistlers and compare them with those which are derived theoretically. The analysis shows that the source of whistler waves will easily determine whether whistlers generated by lightning strikes are guided along the magnetic field lines from the southern or the northern hemispheres, as shown in Fig. 1 [13] . In addition, studying the dispersion trend helps to determine the electron density profile in the Earth's plasmasphere, because the propagation velocity of whistler mode waves depends on the intensity of the ambient magnetic field and the electron density around the Earth [6] , [14] . Therefore, it is important to extrapolate the electron density profile of the entire plasmasphere by examining the dispersion trend along the spacecraft trajectory. For these reasons, we analyze the trend of the whistler dispersion in relation to parameters, particularly electron density profile in the plasmasphere. Finally, we discuss whether the observed dispersion trends agree with the ones theoretically derived, and we show the feasibility of modeling the electron density profile using numerous datasets obtained by the WBA onboard Akebono.
Observation
In this study, we utilize the WBA waveform data observed by the WBA onboard Akebono. The WBA data were originally recorded and stored in digital audio tapes (DATs). In the DATs, the analog time code signal, which indicates universal time and date, is recorded on the left channel, while the measured waveform signal is recorded on the right channel [1] . To analyze the data, it is necessary to playback the tape and converts it to waveform data represented by the waveform audio file format (WAV), digitizing by an A/D converter with a sampling frequency of 48 kHz. To generate a plot showing the variation of frequency with time, we performed a Finite Fourier Transform (FFT) every 0.05 s. After FFT processing, we calibrated the spectrum based on the housekeeping data related to the autogain controller implemented in the WBA. We also eliminated spike noises that contaminated the waveform data. In the noise reduction process, we divided the 50 Hz-15 kHz band into 20 frequency ranges, then averaged the intensity of each frequency band, and subtracted neighboring frequency points. For the next step, we defined a threshold level for the detection of significant signals. If the intensity of differential data is larger than the threshold, it is considered to be a potential lightning whistler candidate. It is theoretically well known that Eckersley's law [15] provides a simple relationship that defines the arrival time t of a lightning whistler at a frequency f as follows
where D is a constant called dispersion, t is the arrival time at frequency f , and t 0 is the time when the lightning strikes. Then, we applied an automatic algorithm to detect straight lines in a diagram in which the spectrogram is converted into t in the horizontal axis and 1/ f in the vertical axis. An example of lightning whistlers detected by this process is shown in Fig. 2 , which is well marked by thick curves. The figure shows one of them symbolized by t 1 , f 1 , t 2 and f 2 , where t 1 and t 2 are the arrival times of the detected lightning whistler at frequencies of f 1 and f 2 , respectively. Finally, we compute the dispersion D using the following equation
By using Eq. (2), all dispersions of the detected lightning whistlers can be automatically enabled.
Dispersion Analysis
As mentioned previously, the dispersion measured along the trajectory of a spacecraft can provide useful information for determining the plasma parameters in the Earth's plasmasphere. Here, we will investigate the path length further by analyzing the dispersion. The criterion to select these events is the clarity of the dispersion trend of a lightning whistler, which has a systematic trend. Theoretically, a slope trend is tangible evidence that the whistler has a strong correlation with the origins of lightning strikes for the observed lightning whistler data. This indicates that the source of the observed lightning whistler data can be determined from the trajectory of Akebono.
In this section, we first theoretically describe the relationship between the dispersion and the propagation path length to show that the dispersion trend of lightning whistlers is useful for determining the plasma environment inside the Earth's plasmasphere. As stated previously, the dispersion depends on several parameters, such as the intensity of the ambient magnetic field, the electron density, and the path length along the propagation paths. The path length between the source point of lightning strikes and the observation point in the Earth's plasmasphere affects the dispersion scale of lightning whistlers [9] , [16] . Short path lengths lead to minimum dispersion, and vice versa [9] , [16] . Furthermore, to estimate the path length, we can utilize a simple method by assuming that the structure of the Earth's magnetic field is approximated by a simple magnetic dipole model [17] , [18] . By adopting the approximation, we can briefly calculate the path length of the lightning whistler to demonstrate why the dispersion changes along the trajectory of Akebono in such a manner.
Using parameters such as the altitude and the latitude of the Akebono trajectory, it is possible to calculate the path length of each lightning whistler detected along the Akebono trajectories, assuming that each signal propagates along the magnetic field line of the Earth from the ground to the observation point. Note that whistler mode wave does not propagate strictly along the magnetic field line in actual, but we assume here that the wave propagates along the magnetic field line with its wave normal angle parallel to the ambient magnetic field for simple calculation purposes. Then we analyze the approximated equation from a model of a dipole magnetic field line. Figure 3 shows a schematic picture of the magnetic field line at a given point in the plasmasphere. This figure shows the relationship between the geocentric distance r and the magnetic colatitude θ of any point on a field line [18] . In this case, let β be the angle between the magnetic field line and the latitude line. B θ and B r represent the horizontal component and the vertical component of the magnetic field, respectively. The figure also shows the x-axis, which corresponds to the south geomag- Fig. 3 Relationship between the radius vector and latitude of a field line. netic pole of the Earth, while the y-axis corresponds to the equatorial plane of the Earth.
From the previous figure, the following equations can be derived:
where B 0 is the equatorial surface magnetic field intensity of the Earth. After deriving the equations, we obtain the solution
To calculate the path length, we substitute (90 + θ ) for θ, where θ is defined as the magnetic latitude. In accordance with Fig. 4 , we obtain the following equation
where ds is an element of the path length along a magnetic field line. Then, the path length S is calculated using the following integration:
We then consider a shell parameter L that corresponds to the distance, which is an intersection of the field line and the equatorial plane, and is given in units of Earth radii. According to [18] , [19] , dr is given by the following form
where R E is the radius of the Earth, which is approximately 6371 km. Under these circumstances, the following equation is derived. Fig. 4 Dipole field line approximation of plasmasphere field line.
Let x = sin θ ; thus, dx = cos θ dθ . We now acquire the last equation to calculate the path length between the source point of the whistler wave and the spacecraft along the ambient magnetic field line.
By using the equation, we can estimate each path length of the detected lightning whistler from the source point.
When an element of the path length is well defined, we can derive the lightning whistler dispersion along each propagation path theoretically. The propagation delay time t d , which is given by (t − t 0 ) in Eq. (1), is expressed by using the following equation when the lightning whistler propagates along the ambient magnetic field line with its wave normal parallel to the magnetic field [20] 
where c, μ g , f , f p , and f c are the speed of light, group refractive index, wave frequency, plasma frequency, and electron gyrofrequency, respectively. Based on Eqs. (1) and (12), we can obtain the following equation
When the wave frequency is significantly less than the local electron gyrofrequency, i.e., f c f , Eq. (13) is approximately described as follows
It is well known that the local electron plasma frequency is proportional to N 1/2 , where N is the number density of electrons, and the local electron gyrofrequency is proportional to the geomagnetic field strength B [20] . As was proposed by Carpenter and Smith [21] , if the electron density in the plasmasphere is inversely proportional to the cube of the geocentric distance as shown by Eq. (15) (hereafter we define this electron density profile as "Model 1"), we can obtain the following equations
where N 0 are the electron density at upper ionosphere of the Earth. Combining Eqs. (14), (16) , and (17), we obtain
where D 1 is the dispersion at the observation point along the spacecraft trajectory when the electron density in the plasmasphere is represented by Eq. (15) ("Model 1"). By replacing in Eq. (18) by Eq. (7) and replacing dr by Eq. (9), we can derive the dispersion using the following equation
2 sin θ dr = (1+3 sin 2 θ ) 1/4 cos θ dθ (19) By letting x = sin θ , we get the equation to calculate the dispersion
On the other hand, if the electron density in the plasmasphere is, for example, given by Eq. (21) (hereafter we define this electron density profile as "Model 2"), which is known as gyrofrequency model [22] , assuming that electron density is larger in the lower latitude region than the higher latitude region
we can obtain the dispersion D 2 by combining Eqs. (14), (17) and (21) as follows
After the dispersions D 1 and D 2 are derived by assuming the electron density profile models, we introduce the typical observation events in which lightning whistlers are continuously observed along the trajectories of Akebono. We show the dispersion of these lightning whistlers has clear trend along the trajectory and we demonstrate that we can roughly estimate the electron density profile in the plasmasphere by comparing the observed dispersion trends with those theoretically derived. decreased gradually from ∼49977 to ∼10498 km. Because a decrease in the path lengths over time will decrease the dispersion scale, this fact suggests that the waves of lightning whistler strikes propagate from the southern to the northern hemisphere. Figure 7 shows a train of lightning whistlers that occurred from 09:42 to 10:26 UT on July 12, 1989. The number of lightning whistlers that were detected during that period of time was 542. The dispersions vary between ∼1.11 and ∼13.66 Hz 1/2 s. They were detected along the Akebono trajectory between latitudes 34.94
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• (34.94
• N) and −41.89
• (41.89
• S) and altitudes from ∼1420 to ∼7911 km, as represented in Fig. 8 .
Two dispersion trends can be observed coincidentally in Fig. 7 . The phenomenon occasionally occurred because lightning whistler sources originated from the southern and the northern hemispheres and were detected simultaneously. As shown in Fig. 7 , one has an ascending trend, while the other has a slightly descending trend. By using the altitude and latitude of the Akebono orbit, as shown in Fig. 8 , we calculated the path lengths of lightning whistler waves that originated from both the northern and the southern hemispheres. Between 09:42 and 10:26 UT, the path lengths of lightning whistler waves originating from the northern hemisphere toward Akebono became larger from ∼1678 to ∼65849 km with increasing time. One of the dispersion trends in Fig. 7 shows that the dispersion scale average was approximately ∼2 Hz 1/2 s at 09:42 UT and gradually increased, becoming ∼12 Hz 1/2 s at 10:26 UT. In contrast, the path lengths of lightning whistler calculated from the source points in the southern hemisphere toward Akebono was ∼21210 km at 09:42 UT while it was ∼8577 km at 10:26 UT. Another dispersion trend in Fig. 7 shows that the dispersion scale becomes smaller from an average of ∼6 Hz 1/2 s to ∼2 Hz 1/2 s from 09:42 to 10:26 UT. It can be conclusively stated that the ascending dispersion trend in Fig. 7 shows waves of lightning whistler strikes propagate from the northern to the southern hemisphere. The other descending trend shows the waves of lightning whistler strikes propagate from the southern to the northern hemisphere. The VLF instruments onboard Akebono has a subsystem named PFX to determine wave normal direction and Poynting vector [1] , but the measuring frequency being set for PFX on this date was too high to detect lightning whistlers and it was unfortunately impossible to determine the propagation direction of the whistlers.
Next we investigate the relationship between these dispersion trends and the electron density profiles in the plasmasphere defined as Model 1 and Model 2. Figure 9 shows the dispersion trend observed on March 20, 1991 and the line of dispersion D 1 which was theoretically calculated by using Eq. (20) . Note that D 1 is calculated from the right side of Eq. (20), and thus the scale is different from the observed dispersion. As known previously, the sources of lightning whistlers in this event originate from the southern hemisphere. Therefore the lightning whistlers propa- gate along a magnetic field line by cutting across the equatorial plane over the time period from 19:13 to 19:42 UT, and they were detected in the northern hemisphere. After 19:42 UT, the lightning whistlers were detected in the southern hemisphere. In comparison, as shown in Fig. 9 when Akebono orbited in the further points from the source of lightning whistlers, the observed dispersion trend tends to deviate from the dispersion curve of D 1 .
On the other hand, Fig. 10 shows the observed dispersion trend and the line of dispersion D 2 theoretically calculated by using Eq. (22) . Also note that the scale for D 2 is different from the observed dispersion. As seen in Fig. 10 , the dispersion D 2 tends to slightly deviate away from the observed dispersion trend. However, it shows a better model than the one shown in Fig. 9 .
Same analyses were applied to the event on July 12, 1989. Figure 11 shows the observed dispersion trends and two lines for the dispersion D 1 that calculated theoretically by using Eq. (20) . The "bullet" line represents decreasing dispersion and the "smooth" line indicates increasing dispersion theoretically derived from Eq. (20) . We can clearly observe that the bullet line appears like a curved line between 09:42 and 09:56 UT. During this time, the lightning whistlers originated from the southern hemisphere and were detected in the northern hemisphere by cutting across the equatorial plane. After 09:56 UT, the dispersion D 1 looks like a straight line. As represented in Fig. 11 , when Akebono orbited at lower altitudes in the earlier time, the dispersion D 1 of the "bullet" line is not parallel with the observed dispersion trend.
The smooth line in Fig. 11 appears to be almost a straight line. As stated previously, sources of lightning whistlers that correspond to increasing dispersion originate from the northern hemisphere and the observed dispersion trend also appears to be almost straight. The dispersion D 1 of the "smooth" line is almost parallel with the observed dispersion trend. Figure 12 shows the observed dispersion trends and the lines of dispersion D 2 theoretically calculated by using Eq. (22) . Although the green lines have slight deviation from those of observed trends in the earlier times in the higher latitude region of northern hemisphere, they show a better model than the ones shown in Fig. 11 .
As was shown in Figs. 9, 10, 11 and 12, we demonstrated that the observed dispersion trends are almost fit to the ones theoretically derived. As far as we examine these 3 dispersion trends, theoretical dispersion D 2 derived from Model 2 gives better agreement with these observations than the ones derived from Model 1. We should note that our analyses are rather simple that we just assume that the whistler mode wave propagates strictly along the geomagnetic field line with its wave normal parallel to the magnetic field line, and it is necessary to determine more precise propagation path using ray tracing technique. In addition there might be other solutions of the electron density profile to give agreement with the observation. However, the results of our research suggest that it is plausibly possible to determine electron density profile using observed dispersion trend of lightning whistler every trajectory of Akebono.
Conclusion
In the present paper, we first showed that we can approximately derive the dispersion of lightning whistler and the electron density profile strongly affects the trend of dispersion in the plasmasphere. Second, we introduced two typical events observed by Akebono in which lightning whistlers were continuously observed along the satellite's trajectory. We demonstrated that the trends of dispersion of the lightning whistlers basically give good agreement with the ones theoretically derived. We also showed that the calculated dispersions using the electron density profile of Model 2 was better fit to the observation results. As shown previously, some deviations appeared because some parameters used when deriving the formula were assumed. In addition, it is also necessary to determine more precise propagation path using ray tracing technique and consider ionospheric contribution in deriving dispersion D. But our investigation proved that analyzing the dispersion trends of lightning whistler observed in the plasmasphere is a powerful method to estimate global electron density profile in the plasmasphere. As was described in the introduction, Akebono has continuously observed since 1989 and still in operation now, and enormous data of WBA waveform data is very valuable to study long term variation of electron density profile in the plasmasphere statistically.
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